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An influence of the aspect ratio and volume fraction of ferroelectric ceramic inclusions in a 0–3 matrix on hydrostatic parameters of a three-component 1–3-type composite is studied to emphasise the important role of the matrix elastic properties. Differences in the elastic properties of the 0–3 matrix and single-crystal rods therein lead to a considerable dependence of the hydrostatic response of the composite on the anisotropy of the matrix elastic properties. A performance of a 1–0–3 0.92Pb(Zn1/3Nb2/3)O3–0.08PbTiO3 single crystal/modified PbTiO3 ceramic/polyurethane composite suggests that this material is of value for hydroacoustic applications due to hydrostatic piezoelectric coefficients  (400–500) pC/N and  0.1 V.m/N, squared figure of merit  (30–40).10-12 Pa-1, and electromechanical coupling factor  0.5–0.6. 
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Piezo-active composites based on relaxor-ferroelectric single crystals (SCs)1,2 are attractive for a variety of modern piezotechnical applications including sensing and energy harvesting. Of particular interest are SC/polymer composites with 1–3 connectivity in terms of Ref. 3, and SC components of these composites are often chosen among perovskite-type relaxor-ferroelectric solid solutions of (1–x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 and (1–x)Pb(Zn1/3Nb2/3)O3–xPbTiO3 (PZN–xPT) with engineered domain structures and piezoelectric coefficients1,2,4 d3j103 pC/N. A 1–3 composite architecture, which consists of a system of long parallel SC rods in a continuous polymer matrix2,3, can be further modified by the formation of either pores or a system of inclusions in the matrix. In our opinion, a considerable potential of further improvements of the piezo-composite performance may be associated with the influence of the aspect ratio of the inclusions within the two-component matrix on the effective electromechanical properties of a three-component composite. To the best of our knowledge, no publication has examined the aspect-ratio effect on effective parameters of three-component composites that contain relaxor-ferroelectric SC, ferroelectric ceramic and polymer, i.e., three main kinds of components that are suitable for the manufacture of advanced piezo-composites. The aim of the present paper is to discuss the role of the aspect-ratio effect and elastic properties of the ceramic/
polymer matrix in forming the hydrostatic piezoelectric response of 1–3-type composites. 
It is assumed that the composite consists of long relaxor-ferroelectric SC rods embedded in a ferroelectric ceramic /polymer matrix (Fig.1). The SC rods are in the form of a rectangular parallelepiped with square cross sections in the (X1OX2) plane, whose centres are arranged into a square array. The main crystallographic axes of each SC rod are oriented as follows: X||OX1, Y||OX2 and Z||Ps(1)||OX3, and OX3 is the poling axis of the composite. The shape of each 

Fig. 1. Schematic of the 1–0–3 SC/ceramic/polymer composite. (X1X2X3) is a rectangular co-ordinate system concerned with the composite sample, Ps(1) is the spontaneous polarisation of the SC rod, r and 1–r are volume fractions of the SC rods and the surrounding 0–3 matrix, respectively, mi is the volume fraction of the isolated ceramic inclusions in the polymer medium, and a1 and a3 are semi-axes of each inclusion. 
ceramic inclusion (see inset in the right part of Fig.1) obeys the equation (x1/a1)2+(x2/a2)2+(x3/a3)2=1 relative to the axes of the co-ordinate system (X1X2X3), where a1, a2=a1 and a3 are the semi-axes of the inclusion, and i=a1/a3 is its aspect ratio. The polymer matrix contains a system of aligned inclusions that occupy sites of a simple tetragonal lattice with unit-cell vectors parallel to the OXk axes. The composite as a whole (Fig. 1) is characterised by 1–0–3 connectivity, and the matrix is characterised by 0–3 connectivity in terms of Ref. 3. 
Assuming that the linear sizes of each inclusion in the 0–3 matrix are much smaller than the length of the side of the square rod cross section in the (X1OX2) plane (Fig.1), we evaluate the effective electromechanical properties of the 1–0–3 composite in two stages. First, the effective properties of the 0–3 matrix are determined using the effective field method2 and taking into consideration an interaction between the inclusions. Second, the effective properties of the 1–0–3 composite with planar interfaces, that separate each SC rod and the surrounding 0–3 matrix, are evaluated using either the matrix method or finite element method2. We denote the effective electromechanical properties of the 1–0–3 composite as *= *(r, mi, i), and mi, i are concerned with the properties of the 0–3 matrix. Based on *(r, mi, i), we study the following hydrostatic parameters of the composite: its piezoelectric coefficients =++ and =++, squared figure of merit 
()2=,				(1)
and electromechanical coupling factor (ECF)
=  / ()1/2, 				(2)
where  is dielectric permittivity at mechanical stress 
 = const,  and  =  is  the  hydrostatic  elastic 
compliance at electric field E= const. We assume that electrodes applied to a composite sample (Fig.1) are perpendicular to the OX3 axis. The hydrostatic piezoelectric coefficients  and  describe the piezoelectric activity and sensitivity, respectively, under hydrostatic loading of the composite sample. The squared figure of merit ()2 from Eq.(1) is regarded as an indicator of the sensor signal-to-noise ratio of the composite and its piezoelectric sensitivity2 under hydrostatic loading. The hydrostatic ECF  from Eq.(2) characterises an effectiveness of conversion of mechanical energy into electric one and vice versa. 
We analyse an original example of a performance of a composite based on a [001]-poled PZN–0.08PT SC5 with a high piezoelectric activity (e.g., the longitudinal piezoelectric coefficient = 2890 pC/N, where superscript ‘(1)’ denotes SC properties), but with small negative hydrostatic piezoelectric coefficients = –20 pC/N and = –0.293 mV.m/N. The 0–3 matrix contains modified PbTiO3 ceramic inclusions in a  polyurethane medium. Our evaluations of the properties of the 0–3 matrix suggest that it exhibits a low piezoelectric activity due to the presence of isolated inclusions at 0< mi≤ 0.3 and 0.01≤ i≤ 100. Even though it is assumed that the level of poling of this matrix is ideal, the absolute values of its piezoelectric coefficients are ||< 10 pC/N, i.e., two orders-of-magnitude less than || of the PZN–0.08PT SC5. Hereafter we neglect a piezoelectric activity of the 0–3 matrix in comparison to the piezoelectric activity of the SC rod. Moreover, an incompleteness of the poling of the 0–3 matrix is avoided in this case, and a smaller dielectric permittivity  (due to the lack of the piezoelectric contribution into the dielectric permittivity of the matrix ) would favour the higher piezoelectric sensitivity of the 1–0–3 composite in accordance with the link2 = / (j = 1, 2 and 3).












Fig.  3. Volume-fraction (r, mi) behaviour of the squared hydrostatic figure of merit ()2 (a, in 10-12 Pa-1) and hydrostatic ECF  (b) of the 1–0–3 PZN–0.08PT SC / modified PbTiO3 ceramic / polyurethane composite near maxima of the parameters at i= 100. Calculations were performed using elastic, piezoelectric and dielectric constants of components from Refs. 2 and 5, and the matrix method was applied at the second stage of averaging.   
irrespective of the ceramic inclusions. Changes in sgn (Fig. 2, a), sgn and sgn (Fig. 2, c) are observed at r 1, when the SC rods play the dominating role in forming the piezoelectric properties. The oblate inclusions with i> 1 promote the lower dielectric permittivity of the 0–3 matrix  at mi= const, and the inequality << holds in the wide mi and i ranges. Changes in the matrix elastic properties and their anisotropy become appreciable also at i> 1. For instance, elastic compliances of the matrix  at mi= 0.1 are linked as follows: /= –3.50, /= 0.846, /= –0.356 (at i= 1.5), /= –4.75, /= 0.507, /=–0.245 (at i= 10), and /=  –4.96, /= 0.310, /= –0.141 (at i= 100). Moreover, at 10≤ i≤ 100 the elastic compliances of the matrix and rod obey conditions  and : these conditions give rise to weakening the piezoelectric activity along the non-polar axes OX1 and OX2 and, therefore, promote the larger  value due to the large  value. We underline that values of max –20 (curves 4 and 5 in Fig. 2, a) and max –900(curve 5 in Fig. 2, b) as well as changes in signs of  and  have no analogs among parameters of three-component piezo-composites studied earlier. 
Examples of max[()2] and max (Fig. 3) show that the matrix subsystem actively influences the hydrostatic response due to the highly oblate inclusions even at their  relatively small volume fractions mi. Changes in mi lead to considerable changes in the hydrostatic parameters (Table 1), especially at 0< r< 0.2, when the matrix properties strongly influence the hydrostatic piezoelectric response of the composite. Data from Table 1 show good agreement between results obtained using different averaging methods. We add for comparison, that at mi= 0 (for the 1–3 PZN–0.08PT SC / polyurethane composite), absolute maxima are achieved as follows: max= 145 mV.m/N (at r= 0.012), max[()2]= 9.53.10-12 Pa-12 (at r= 0.088) and max= 0.190 (at r= 0.112). These maximum values are considerably less than those in Figs. 2 and 3. The max value (Fig. 3, b) is comparable to max= 0.567 related to a 1–3-type PZT ceramic / auxetic polymer composite6, however the max[()2] value (Fig. 3, a) is about 7 times more than max[()2] related to the same PZT-based composite6, about 2 times more than ()2 of a 1–3–0 PZT ceramic / foamed polymer composite7, or about 3 times more than ()2 of a porous composite8 based on the ZTS-19 ceramic. 
Table 1. Comparison of hydrostatic parameters calculated for the 1–0–3 PZN–0.08PT SC / modified PbTiO3 ceramic / polyurethane composite at i= 100 by means of the effective field method at the first stage of averaging and using either the matrix method or finite element methoda at the second stage of averaging
mi	r	, pC/N	, mV.m/N	
0.10	0.05	152 (…)	213 (…)	0.405 (…)
	0.10	266 (…)	146 (…)	0.475 (…)
	0.20	410 (…)	80.9 (…)	0.504 (…)
0.15	0.05	150 (…)	216 (…)	0.423 (…)
	0.10	260 (…)	151 (…)	0.504 (…)
	0.20	400 (…)	84.6 (…)	0.541 (…)
0.20	0.05	144 (…)	213 (…)	0.427 (…)
	0.10	250 (…)	151 (…)	0.514 (…)
	0.20	382(…)	85.7 (…)	0.559 (…)
0.25	0.05	137 (…)	206 (…)	0.425 (…)
	0.10	237 (…)	148 (…)	0.516 (…)
	0.20	362 (…)	85.5 (…)	0.566 (…)
a Values in parentheses were calculated using the effective field method and finite element method at the first and second stages of averaging, respectively 
Thus, the active role of the matrix subsystem consists in the aspect-ratio effect on the elastic anisotropy of the 0–3 matrix and in the considerable influence of its elastic properties on the hydrostatic parameters of the 1–0–3 composite based on the relaxor-ferroelectric SC. The electromechanical interaction between the highly piezo-active SC component and the anisotropic 0–3 matrix leads to the creation of a high-performance 1–0–3 composite structure. Undoubtedly, values of 102 pC/N, 102 mV.m/N, ()210-11 Pa-1, and  0.5–0.6 make the studied 1–0–3 PZN–0.08PT-based composite attractive in hydrophone and related hydroacoustic applications. 
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